INTRODUCTION
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Received for publication 28 June 1974 and in revised form 15 December 1975. posure technique (1) . It is generally believed that the decrease with time in the number of viable bacteria remaining in the lung after exposure to a bacterial aerosol is due both to physical removal of bacteria by the mucociliary system and to in situ bacterial killing. Since studies utilizing aerosols of radioactively labeled (3P) bacteria have shown that viable bacterial counts decreased with time far more rapidly than 3P counts, it is apparent that physical removal plays a minor role (2) . In a recent study we found that a third factor, the rate of bacterial multiplication in vivo, was an important determinant of the "lung bacterial clearance" of Streptococcus pneumoniae (3) . Thus, the clearance of that organism from the lung was determined by the interaction of mucociliary clearance, in situ killing, and bacterial multiplication.
Differences in lung bacterial clearance among various bacterial species and among different strains of the same species have been noted in normal animals by several investigators (2, (4) (5) (6) . Differing rates of phagocytosis or of intracellular killing of ingested bacteria by alveolar macrophages have been postulated to explain these differences (4) . It may be that differing ability of bacteria to multiply in the lung explains part of this difference.
The present investigation was undertaken to examine the role of bacterial multiplication in the lung clearance of several bacterial species implicated in pneumonia. Our results indicate inter-and intraspecies differences in both the in vivo rates of bacterial multiplication and bacterial killing.
METHODS
Organisms. The strain of S. pneumoniae type 3 used in these studies has been maintained in our laboratory for several years with weekly transfers on blood agar plates and periodic passages through mice. Tetracycline-susceptible strains of Staphylococcus aureus, Klebsiella pneumoniae, and Escherichia coli were obtained from clinical isolates. Attempts to induce tetracycline resistance in these susceptible strains were unsuccessful, necessitating the selection of The Journal of Clinical Investigation Volume 57 April 1976-811-817tetracycline-resistant strains from additional clinical isolates.
A tetracycline-resistant strain of S. pneumoniae type 3 could not be obtained. Susceptibility of all strains to tetracycline was determined both by a disk technique (7) and by determining the organism's growth rate in broths containing tetracycline at concentrations of 0.5, 1.0, 5.0, 10.0, and 20.0 Asg/ml and in control broths (3) . Broth cultures of S. pneumoniae were grown in Todd-Hewitt broth; other species were grown in trypticase soy broth. For aerosol exposure studies, 1.0-liter broth cultures were incubated overnight, centrifuged, and washed. One-half of the sediment was labeled with technetium (9mTc) (8) . This labeling procedure renders the labeled bacteria nonviable but does not alter their aerodynamic properties. The wmTc-labeled, nonviable bacteria and the nonlabeled, viable bacteria were mixed and resuspended in normal saline for aerosolization.
Since our initial results indicated that the clearance of 99mTc from the mouse lung exceeded the reported clearance of other isotopes, two studies were performed with S. aureus labeled with IP (9) . In one of these studies S. aureus grown in 'P overnight was further subjected to the wmTclabeling procedure but without the addition of`"Tc. In the other study the 'P-labeled S. aureus was only centrifuged and washed (9) . The dissociation of`rTc in saline suspensions of labeled organisms was studied over a 4-h period by repeated centrifugation and sampling of the supernate.
Aerosol exposure. In each study, 66 white Swiss mice weighing 20-22 g were exposed for 30 min in a modified Henderson exposure chamber utilizing a Collison nebulizer (10) . One-half of the animals were injected intraperitoneally with tetracycline, 50 mg/kg in saline, immediately before exposure; the remaining animals were injected with comparable volumes of sterile saline. Changes in the serum concentrations of tetracycline with time were determined in similarly injected mice not exposed to a bacterial aerosol by the technique of Simon and Yin (11) .
The aerosol was sampled in midrun with glass impingers and an Andersen sampler incorporating a 10% gelatin medium on each of the six stages. The concentration of viable bacteria in the impinger sample was determined by serial 10-fold dilutions, and the radioactivity in a 1.0-ml portion was determined in a well counter.' The Andersen stages were melted at 40'C, and quantitative bacterial and radioactive counts were determined in similar fashion.
At the termination of the 30-min aerosol exposure (0 h), one-fourth of both the tetracycline-injected and saline-injected mice were sacrificed by cervical subluxation and cross-clamping of the neck to prevent agonal aspiration of oropharyngeal contents. The lungs were aseptically removed and homogenized in sterile water, and serial 10-fold dilutions were inoculated on appropriate media for bacteriologic culture. The remainder of the lung homogenate was transferred to a plastic tube for radioactive counting. Approximately equal numbers of animals from the tetracycline and saline groups were sacrificed at 1, 2, and 4 h after exposure and handled similarly. In the two studies using 32P, radioactivity in the aerosol and in the lungs was determined by the technique of Green and Green (12 In animals treated with tetracycline we assume that k, = 0. Therefore: Ctett = Cteto e-(kmc+kk)t (2) where Ct.tt is the concentration of bacteria in the lungs of tetracycline-treated animals at time t, and Ct..o is the concentration of bacteria in the lungs of tetracycline-treated animals at time 0.
Thus, (km. + kk) was determined by calculating the slope of the disappearance of viable bacteria (expressed as ratios and converted to natural logarithms) with time from the lungs of tetracycline-treated mice. km. was determined by calculating the slope of the disappearance of 'mTc counts (converted to natural logarithms) with time from the lungs of tetracycline-treated mice. The rate of bacterial killing kk was obtained by subtracting the km.e from kmo + kk of tetracycline-treated animals for each species.
An estimate of the rate of bacterial multiplication in vivo over an interval of time, At, can be obtained by solving the equation given below for k, after substitution and division of (1) by (2): Ct(time 2) Ct(time 1) ekg (A)
To avoid a period of lag phase growth which may follow aerosolization (3), we used the changes in bacterial concentration between 2 and 4 h in the lungs of control and tetracycline-treated animals to calculate k,. That is:
The concentration of bacteria initially deposited in the lungs varied from study to study, depending on slurry concentration, viability of the aerosolized bacteria, and the 'Abbreviations used in this paper: k,, rate of intrapulmonary bacterial multiplication; kh, rate of intrapulmonary bacterial killing; km., rate of physical removal of bacterial particles; R, ratio of the number of viable bacteria in the lungs of each animal to the mean number of bacteria initially deposited. breathing pattern of the animals. The fractional rate of bacterial clearance from the lungs is independent of bacterial concentration over the range encountered in this study (13 
RESULTS
Tetracycline-susceptible strains. Compared to the saline-treated control animals, tetracycline administration was associated with a significant reduction in the fraction of viable bacteria remaining in the lungs at 4 h among animals exposed to aerosols of S. pneumoniae, K. pneumoniae, and E. coli, but not S. aureus (Table I) . Table II . The rate of decrease of viable S. pneumoniae was significantly more rapid than that of the other species, and this difference was due to more rapid phagocytosis and killing. The rate of mucociliary removal was similar for all species. The differences in net bacterial clearance between the species other than S. pneumoniae were explained by differences in their rates of multiplication in vivo; the lack of multiplication by S. aureus was responsible for the more rapid net clearance of that species.
The accuracy of the calculated rate of killing, kk, depends on the estimate of km0. The rate of clearance by the mucociliary mechanism varies with the site of deposition of the bacteria within the lung. The site of deposition of each of the bacterial species was likely in the periphery, since most viable and radioactive particles were less than 2 jm in size (Table III) . Although dissociation of w'Tc from the bacterial cell and subsequent removal of the isotope by blood flow could cause an apparent increase in kmc, we were unable to demonstrate such dissociation in vitro (Table III) . To compare our estimate of k.. with that of other investigators, the rates of removal of 'Tc and 5P were compared. The disappearance of 'P-labeled S. aureus from the lungs was less rapid than that of 'Tc. By the labeling technique employed for "mTc, the slope of disappearance of 'P was -0.0459 (4.5%/h), not significantly different from 'P results by other investigators. These data indicate that the "mTc-labeling technique does not account for the differences in the rate of clearance of 'Tc and 'P. Further, the data suggest that viable and nonviable bacteria are cleared by mucociliary system at similar rates. If the 3'P rather than the 'Tc data are used to calculate kt, the fractional killing of staphylococci is estimated to be 24%/h instead of 22%/h, S. pneumoniae 84%/h instead of 87%/h, E. coli 20%/h instead of 18%/h, and K. pneumoniae 18%/h rather than 17%/h. Thus, the different estimates of physical removal produce only small changes in the estimate of the rate of bacterial killing and do not alter the major differences observed among the species.
Tetracycline-resistant strains. Tetracycline-resistant strains of K. pneumoniae, E. coli, and S. aureus were found among clinical isolates; each was resistant to 30 .'g of tetracycline by the disk technique and demonstrated growth comparable to control in broths containing tetracycline, 10-20 ug/ml. The net lung clearance of these strains was not enhanced by the administration of tetra- (16) 0.517+0.119 (11) 0.135±0.045 (5) 0.079±0.023 (6) * Mean iSE (sample size).
R is the number of viable bacteria in the lungs of each animal/the mean number of bacteria initially deposited. No significant differences between any pair of experiments was found at any time interval. cycline (Table IV) . The various determinants of net lung clearance could not be calculated since in vivo multiplication was not inhibited by tetracycline, i.e., k, $ 0. The concentration of tetracycline in the sera of injected animals varied between 5 and 20 itg/ml.
DISCUSSION
The lung clearance of bacteria in mice shows marked intra-and interspecies variability (Table V) . Alterations in experimental techniques do not explain these differences, since variability has been observed in the studies in which the clearance of different strains of the same species or of different species was compared (2, 4-6, 14, 15). The determinants of lung clearance are multiple, including physical removal of bacteria, bacterial killing, and bacterial multiplication. Because of the interaction of these factors, we prefer to designate the observed changes in the number of viable bacteria in the lungs of experimental animals after aerosol deposition as "net lung bacterial clearance." In the present study we have estimated the contribution of these determinants to net lung bacterial clearance in order to explain interspecies variability.
The data suggest that physical removal of bacteria from the lung after aerosol deposition was similar for the four bacterial species. Thus, physical removal cannot explain the observed interspecies variability in net lung clearance. This constant rate of physical removal contributed little to the net clearance of the pneumococcus, but was quantitatively more important in the net removal of K. pneumoniae, E. coli, and S. aureus.
Our index of physical removal, the rate of decrease of lung mTc counts, was 9%/h for staphylococci while that reported for 3P-labeled staphylococci (9) is 4.6%/h. We have examined these differences in isotope clearance in several ways. In our exposure system, 3P-labeled staphylococci are cleared at a rate comparable to that reported by others (9) . This clearance rate was not altered when 3P-labeled staphylococci were killed during the "mTc-labeling procedure. Thus, the more rapid clearance of "mTc is not explained by the nonviable state of the mTc-labeled bacteria. The rate of dissociation of 99MTc from staphylococci in vitro is less than the 20% in 4 h reported for 'P-labeled staphylococci (9) . A difference in the site of deposition within the lung for bacteria labeled with the two isotopes is unlikely, since 'Plabeled bacteria further subjected to the 'Tc-labeling procedure were cleared at rates similar to those with only standard 32P-labeling procedures. Further, the size distribution of "mTc-labeled particles is such that peripheral deposition would be expected. Other investigators have compared the lung clearance of bacteria labeled with 'P and 'S and found similar differences (19) . While the The rate of apparent bacterial killing, kk, in this model is due to the interaction of extracellular bacterial killing, phagocytosis, and intracellular killing. Extracellular killing of inhaled bacteria is generally considered to be minimal (9) . Phagocytosis without bacterial death may account for a significant decrease in the number of viable bacteria recovered if multiple organisms are ingested by Determinants of Lung Bacterial Clearance a single macrophage and if that macrophage remains intact until deposited on the bacteriologic medium, since a single bacterial colony will result (20) . It is likely that the susceptibility of various bacterial species to phagocytosis by alveolar macrophages differs, since such differences have been observed in phagocytosis by polymorphonuclear leukocytes (21) and circulating monocytes (22) . Moreover, LaForce et al. found that while S. aureus and S. albus were phagocytosed at similar rates by alveolar macrophages in vitro, there were marked differences in the rates of intracellular killing (23) .
On the basis of our data we cannot differentiate the relative contributions of phagocytosis and bacterial killing. However, it is apparent that interspecies variability in net lung bacterial clearance is in large part due to the marked differences in apparent bacterial killing between species.
Bacterial multiplication has been thought not to occur in the normal lung after aerosol exposure, since most of the deposited bacteria are rapidly phagocytosed (24) . However, our data indicate that at least some bacterial species do replicate under these conditions. Whether such multiplication represents intra-or extracellular growth cannot be ascertained. If multiplication of only extracellular bacteria occurred, more rapid multiplication rates would be expected for organisms with the slowest rates of phagocytosis (25) . This relationship was not found; S. pneumoniae demonstrated a rate of multiplication only one-third slower than the other organisms, but the most rapid rate of killing. On the other hand, available data suggest that tetracycline does not enter cells or enters only slowly (26) . Thus, the observation that tetracycline does enhance clearance of some susceptible bacterial species suggests that a significant fraction of such species remains extracellular. These findings are consistent with those of previous studies that have shown rapid phagocytosis of inhaled staphylococci. Our inability to enhance the clearance of staphylococci with tetracycline may be the result of the intracellular location of these organisms; however, our data suggest that other species may not be phagocytosed as rapidly.
The present data indicate that differences in lting clearance between various species and strains of bacteria can be defined in terms of in vivo bacterial killing and multiplication. How 
APPENDIX
The slope of the disappearance of bacteria from the lungs of tetracycline-treated mice over the 4-h study period is an estimate of km. + kk. This slope was determined by fitting a least squares regression line to the data. The independent variable was time in hours and the dependent variable was the natural logarithm of the bacteria ratio. The y intercept was set equal to zero.
The slope of the disappearance of "mTc counts from the lungs of tetracycline-treated mice over the 4-h study period is an estimate of km.. Least squares methods again were used to determine the slope. The independent variable was time in hours and the dependent variable was the natural logarithm of the technitium count.
The standard errors for km. + kk and kr. reported in Table II are those determined from the regression analyses.
Distributional aspects of 32 sets of data were investigated. Two variables, ln('Tc counts) and ln(bacteria ratio), for each of the four bacterial species at each of the four time periods were considered. The assumption of the normal or Gaussian distribution was tested by the Kolmogorov-Smirnov procedure. Significant deviation from normality was found for the natural logs of the bacteria ratios for S. pneumoniae at 2 and 4 h; these were significant at the 0.01 level. All but three of the bacteria counts at 4 h were zero. For mathematical convenience zero values were arbitrarily set equal to 1 before a ratio was calculated. The natural logarithms of the mmTc values at the 2-h time period for S. aureus also were found to differ significantly from a normal distribution at the 0.05 level. No other sets of data were found to differ significantly from the Gaussian distribution at the 0.05 level. In fact, in 26 of the 32 tests for normality, the associated probability values were 0.20 or greater.
Marked heterogeneity of variance for the different time periods for the natural logarithms of bacteria ratios of S. pneumoniae was observable. We would caution anyone who would use the slopes and their associated standard errors for comparison between bacterial species to investigate both normality and homogeneity of variance before proceeding with the desired tests.
